Resistant cancer often shows a particular secretory trait such as heat shock proteins (HSPs) and extracellular vesicles (EVs), including exosomes and oncosomes surrounded by lipid bilayers.
INTRODUCTION
Resistant cancer cells often show particular secretory phenotypes such as heat shock proteins (HSPs) and extracellular vesicles (EVs), including exosomes [Eguchi et al., 2018b; Fujiwara et al., 2018a; Ono et al., 2018] . HSPs play cytoprotective roles by folding unfolded and misfolded proteins, which protect normal cells against apoptosis, although cancer cells can be also protected from cytotoxic therapies and immune system [Eguchi et al., 2017; Eguchi et al., 2018a; Murshid et al., 2013] . Indeed, elevated levels of HSPs have been found in many types of cancer [Ciocca and Calderwood, 2005; Ciocca et al., 1993; Ciocca et al., 2013] . We showed that castration-resistant, neuroendocrine prostate cancer (CRPC / NEPC) cells secrete HSP90α when formed grape-like multi-cellular aggregation with cancer-initiating cell (CIC) traits [Eguchi et al., 2018b] . We also showed elevated levels of HSP90α and HSP90β in EVs secreted by metastatic oral squamous cell carcinoma (OSCC) cells compared with the low-metastatic parental OSCC cells [Ono et al., 2018] . Therefore, secretion of HSPs can be a particular secretory phenotype of resistant cancer cells. It has been shown that heat shock transcription factor 1 (HSF1)
upregulates HSPs in cancer and in response to cell stress [Chou et al., 2015; Eguchi et al., 2017] .
Activating phosphorylation of HSF1 at Serine 326 residue by mTOR signaling was found in breast cancer and targeting of HSF1 and mTOR by siRNA reduced levels of β-catenin, lncRNA-p21, and mammosphere formation, which is a trait of CICs [Chou et al., 2015] . Thus, increased stress signaling can be crucial in resistant cancer. Cancer therapies can trigger therapeutic stress signaling as well. We showed that anti-EGFR therapeutic antibody cetuximab was secreted with EVs by OSCC cells, which might be a therapeutic stress resistant secretory response [Fujiwara et al., 2018a] .
Lipoproteins can be also involved in stress response and resistance in cancer. Lipoproteins are biochemical assemblies that transport hydrophobic lipid (a.k.a. fat) molecules in body fluid and are composed of a "single-layer" phospholipid and cholesterol outer shell, lipids molecules within the particles, and apolipoproteins embedded in the membrane [Thaxton et al., 2016] . (Table S1) , whereas EVs such as exosomes (50 to 200 nm), shed microvesicles (MV, a.k.a. ectosomes, 100 to 500 nm), apoptotic bodies (0.8 to 5 m), and large oncosomes (1 to 10 m) were surrounded by "lipid bilayered membranes" [Minciacchi et al., 4 2017] (Table S2) . EVs were also classified according to their sizes as small EVs and large EVs [Durcin et al., 2017] . We recently showed that depletion of lipid cholesterol efflux pump ABCG1 triggered the intracellular accumulation of extracellular vesicles and reduces tumorigenesis of metastatic adenocarcinoma cells [Namba et al., 2018] . It has been shown that obesity is a risk of cancer incidence [Suzuki et al., 2013; Tanaka et al., 2012; Yoshimoto et al., 2013] while hypocholesterolemia is a prognostic marker of gastric cancer, colorectal cancer (CRC), and oral cancer [Cengiz et al., 2006; Chawda et al., 2011; Tamura et al., 2012] .
In the present study, we found that lipoproteins could be profoundly secreted by CRPC cells and metastatic adenocarcinoma cells but barely by OSCC cells, suggesting cancer type-specific lipoprotein storage and secretory traits. Therefore, we aimed to study whether high-resistant, metastatic cancer cells are able to store lipoproteins and secrete these in response to cell stress.
Storage of lipoproteins in cancer cells can be a cause of hypocholesterolemia in cancer patients and stress-responsive secretion of lipoproteins and EVs can be involved in resistant traits of cancer.
RESULTS

Apolipoproteins were secreted by CRPC / NEPC cells.
We have shown cancer cells secreted molecular chaperones and exosomes that might contain particular secretory traits. We in the present study examined deep proteomics of EVs secreted by PC-3 CRPC cells. The EV fraction of CRPC cells contained profound levels of apolipoproteins, HSPs, and their receptor CD91/LRP1 (Fig 1A) . Their MS scores and rank were ApoB (rank #11, score 1574.6), HSP90α (rank #35, score 670.0), CD91/LRP1 (rank #42, score 670.0), HSP70.1 (rank #103, score 306.5), ApoE (rank #122, score 252.2), ApoCIII (rank #127, score 245.6), EpCAM (rank #133, score 236.1), tetraspanin 1 / CD63 (rank >200, score 87.8), and ApoCII (rank >200, score 37.1) (Fig 1B) . Therefore, it was suggested that apolipoproteins were secreted by CRPC cells with lipoprotein particles that can be associated with EVs.
Detection of extracellular vesicles and lipoproteins.
Several methods for EV preparation have been established as follows: ultra-centrifugation (UC) method, polymer-based precipitation (PBP) [Fujiwara et al., 2018a; Ono et al., 2018] , affinity capturing [Nakai et al., 2016] , sucrose density gradient, size exclusion chromatography, 5 filtration, immunological separation, isolation by sieving, and their combinations [Lobb et al., 2015; Lotvall et al., 2014; Witwer et al., 2013] . These methods have distinct mechanisms of EV preparation with advantages and disadvantages. We have tested PBP and UC methods for isolation of EVs [Ono et al., 2018] and have established a modified PBP method combined with efficient filtration (Fig 2 a, b) . We in the present study used the modified PBP method using 0.2-m pore-filter (Fig 2a) and the modified PBP method without 0.2-m pore-filter (Fig 2b) .
Differential sized EV fractions were prepared by using the method "a" and "b" from the conditioned media of OSCC cells (Fig 2c, top two graphs ). An EV fraction with a single peak at 160 nm diameter were prepared using the method "a" whereas another EV fraction with two peaks at 140 nm and at 1900 nm diameters were prepared using the method "b", suggesting that large EVs and/or oncosomes were secreted by OSCC cells and the 0.2-m-filtration could remove the large EVs/oncosomes. EV secretory phenotypes were different among OSCC cells, CRC cells, and CRPC cells. Size of EVs derived from CRC Colon26 cells using the method "b" was peaked at 150 nm with a gentle slope reaching 20 nm diameter (Fig 2c, third graph) , indicating that this fraction could contain small EVs (exosomes), MVs, and LDL. Size of EVs derived from CRPC PC-3 cells using the method "b" were peaked at 6 nm, 60 nm, and 390 nm (Fig 2c, bottom) , indicating that CRPC cells secreted small EVs (approx. 60 nm), large EVs (approx. 300 to 400 nm), and HDLs (5 to 10 nm). The particles sized at approx. 390 nm could be potentially large EVs or small EVs associated with many lipoproteins (see later TEM and SEM images).
To confirm EVs visually, we used transmission electron microscopy (TEM) and scanning electron microscopy (SEM). EVs secreted by Colon26 cells appeared to be 100-nm cup-like shapes surrounded by a thin membranes or thick membranes (Fig 3a, left panel) . (An EV on the left was appeared to be surrounded by a thin membrane. Another EV on the right was appeared to be surrounded by a thicker membrane.) An EV fraction prepared from conditioned media of PC-3 CRPC cells contained cup-like structured EVs but also abundantly HDL-like 10-nm particles (Fig 3a, center and right) , consistent with the data of particle diameter distribution analysis shown in Fig 2c. Large EVs sized approx. 300 nm diameter were also found in the EV fractions derived from OSCC HSC-3 cells and CRPC PC-3 cells (Fig 3b) . The 300-nm EVs derived from HSC-3 OSCC cells were appeared to be surrounded by multi-layered membranes (Fig 3b, left) .
Lipoprotein-like particles were found inside the 300-nm large EVs (Fig 3b) . Association of the 300-nm large EVs with small EVs were found under TEM (Fig 3b, arrows) .
These data indicated that CRPC cells, OSCC cells, CRC cells secrete exosomes and large EVs (approx. 300 nm) but also secrete lipoproteins and oncosomes.
Cell stress triggered the increase in lipoprotein-bound EVs secreted by CRPC cells.
It was shown that cholesterols could be stored in prostate cancer cells and other cancer cells.
Cholesterols are known to be released from cells as forms of lipoproteins. We hypothesized that stored cholesterols could be released from CRPC cells as forms of lipoproteins, which is composed of cholesterols, apolipoproteins, phospholipid, and triglyceride. We next counted the number of such small particles associated with EVs secreted by CRPC cells with or without heat shock stress (HS). The number of small particle-associated EVs were increased in response to HS of PC-3 CRPC cells (Fig 3 c, d ). We hypothesized that components of lipoproteins such as cholesterols and phospholipid could be supplied by the serum that was used in pre-culture of the CRPC cells, which could store these components, although we prepared EVs from the serumfree medium. We therefore next compared the number of small particles associated with EVs secreted by CRPC cells that were pre-cultured with 2% or 10% serum. The number of such EVassociated particles were larger in the 10%-serum pre-cultured condition compared with the 2%-serum pre-cultured condition (Fig 3c, left two bars) .
We next compared such EV-associated particles among different types of cancer cells: CRPC PC-3 cells [Eguchi et al., 2018b] , OSCC HSC-3 cells [Fujiwara et al., 2018a; Ono et al., 2018] , CRC Colon26 cells, and its high-metastatic subline LuM1 cells [Namba et al., 2018; Okusha et al., 2018] . The average number of EV-associated particles was 4.7 particles (CRPC PC-3 cells), 0.4 particles (OSCC HSC-3 cells), 1.3 particles (CRC Colon26 cells), and 4.0 particles (high-metastatic CRC LuM1 cells) (Fig 3c) , suggesting that cholesterol secretion and association to EVs were associated with cancer types. It was worthy of note that PC-3 and LuM1 were more metastatic than HSC-3 or Colon26, respectively. Coincidently, more EV-lipoprotein complex was secreted by these high-metastatic cells.
These findings indicated that lipoprotein-bound EVs were secreted by high-metastatic cells and secreted in response to cell stress.
Apolipoproteins were secreted by the CRPC cells in response to cell stress.
We next examined proteome traits of CRPC-EVs and their alteration in stress response. EV protein concentration (µg per a million cells) was increased in response to HS (Fig 4a) , suggesting that EVs were released by CRPC cells in stress response. Consistently, cellular protein concentration (µg per a million cells) was also increased in stress response (Fig 4b) , suggesting that protein synthesis and/or EV uptake could be increased in stress response. Levels of EpCAM and CD9 in EVs were increased upon HS (Fig 4 c, d ), suggesting that exosomes were secreted in response to HS. We next visualized proteins separated in polyacrylamide gel. Significant increases in some protein species in response to cell stress were found (Fig 4e) . We therefore next examined alteration of proteome signatures of the CRPC-EVs in response to HS. We classified proteins by their types. The levels of metabolic enzymes, tetraspanins, extracellular matrix, extracellular signaling molecules, and cytoskeletal proteins were high in the CRPC-EVs without HS, although levels of these types of proteins were decreased in stress response (Fig 4f,   Table 1 , 2). Conversely, levels of membrane-associated proteins, molecular chaperones, apolipoproteins, and poly-ubiquitin were increased in CRPC-EVs with stress response. We next investigated types of apolipoproteins, main components of lipoproteins, found in the CRPC-EVs.
Apolipoprotein A, B, and E (ApoA, ApoB, and ApoE) were found in the CRPC-EVs and their levels were increased in response to cell stress (Fig 4g) . Thus, it was indicated that secretion of EV, lipoproteins, and EV-lipoprotein complex was triggered by cell stress of CRPC cells.
Discussion
We showed that apolipoproteins were abundantly secreted with EVs by CRPC cells (Fig 1-4) .
Lipoprotein-like single-layered particles with 5 to 30 nm were associated with EVs derived from the CRPC cells (Fig 3) , indicating a particular lipoprotein secretory phenotype of high-resistant, metastatic cancer. Apolipoproteins-EV complex was also secreted by high-metastatic CRC cells but barely by OSCC HSC-3 cells (Fig 2, 3) . HS increased secretion of EVs, lipoproteins and their assembled complex by CRPC cells (Fig 3) . These data indicated that high-resistant, highmetastatic cancer cells stores lipoproteins but release them with EVs upon cell stress (Fig 5) . It has been known that cancer patients were often accompanied with hypocholesterolemia [Chawda et al., 2011] . It was shown that uptake of LDL was elevated in drug-resistant human leukemic cell lines [Tatidis et al., 2002] . These reports fit our results that resistant cancer cells stored cholesterols which are the main components of lipoproteins. We recently showed that OSCC cells are able to secrete molecularly targeting antibody medications with exosomes, which could drive medication resistance [Fujiwara et al., 2018a] . This exosome-based resistant mechanism of cancer may also escape from cancer immunotherapy. However, anti-EGFR antibody cetuximab could capture EGFR-contained exosomes and then inhibit carcinogenic epithelial-mesenchymal transition (EMT), indicating a novel mechanism of action underlying molecularly targeting therapeutics that capture oncogenic proteins represented on the surface of exosomes [Fujiwara et al., 2018b] . However, lipoproteins bound on the surface of exosomes are able to mask such oncoproteins, indicated by the present study. We therefore are investigating further roles of lipoproteins that could associate with exosomes and other EVs.
In cancer clinical cases, blood HDL-cholesterol (HDL-C) and LDL-cholesterols (LDL-C)
levels are often lowered after malignancy. Low levels of blood HDL-C and LDL-C are prognostic biomarkers of acute lymphoblastic leukemia [Baroni et al., 1996] . Hypocholesterolemia is a prognostic marker of gastric cancer and colon cancer [Cengiz et al., 2006; Tamura et al., 2012] .
Increased cholesterol uptake is required for tumor cell growth and maintenance mediated by activation of LDL-R [Ho et al., 1978] . In our study, CRCP cells stored lipid and lipoproteins and secreted in the forms of EVs and lipoproteins. This manner of CRCP cells may be similar to clinical tumors. Our studies also touch upon cell stress-induced secretion of EV-lipoprotein complex.
ApoA, ApoB, and ApoE were found to be secreted from the CRCP cells. Such a range of apolipoprotein indicates CRPC secretion of a range of lipoproteins, including HDL, LDL, VLDL, and chylomicron. Therefore, it was indicated that CRCP cells store a large range of lipoproteins.
The lipoproteins were secreted upon cell stress with EVs associated with 5 to 20 lipoprotein particles. This EV-lipoprotein interaction may be involved in hypocholesterolemia found in cancer. Retroactively, hypercholesterolemia is a risk factor for the onset of cancer. It has been shown that statin, an anti-hypercholesterolemia drug, reduces blood cholesterol via inhibition of liver HMG-CoA reductase [Quesney-Huneeus et al., 1979] . Stain also inhibited cancer, including prostate cancer, pancreatic cancer, ovarian cancer, and colon cancer. Cancer cholesterol metabolism and secretion may be inhibited by the stain. Yet, we are currently investigating further mechanism and significance underlying EV-cholesterol crosstalk.
Our studies also indicate switching of the secretory phenotype of resistant cancer upon HS. HS switched the secretory phenotype from tetraspanin-rich, ECM-rich trait to the chaperone-rich, lipoprotein-rich trait (Fig 4) . We recently showed that OSCC-EVs were enriched with ECM which were lost in metastatic OSCC-derived EVs in which instead chaperones were enriched [Ono et al., 2018] . Thus, metastatic traits may be associated with increased stress signals such as HSF1-HSPs axis. Metastatic cancer cells robustly produce matrix metalloproteinases that can degrade ECM around the cells as well as EVs [Eguchi et al., 2008; Okusha et al., 2018; Ono et al., 2018] .
We are currently investigating whether stress signal can activate MMPs that arrange intracellular and extracellular milieu.
In conclusion, our data suggested that vesicular assembly composed of EVs and lipoproteins enriched with cholesterols and phospholipids could be stored in high-resistant, high-metastatic cancer cells, which could cause hypocholesterolemia in cancer patients, but a secretory phenotype of lipoprotein-EV complex by such malignant cancer types could be increased in response to cell stress that is often increased in cancer therapies.
MATERIALS AND METHODS
Cell culture and heat shock stress. CRPC /NEPC cell line PC-3, CRC cell line Colon26, and its high-metastatic subline LuM1 were maintained in RPMI1640 medium with 10% FBS [Eguchi et al., 2018b; Okusha et al., 2018] . OSCC cell line HSC-3 was maintained in DMEM with 10% FBS [Fujiwara et al., 2018a; Ono et al., 2018] . For HS, cells were incubated at 43℃ for 1.5 or 3 hours as described [Clayton et al., 2005; Eguchi et al., 2017] (Fig S1) .
Preparation and analysis of EVs. EV fractions were prepared using a modified polymerprecipitation method as described [Eguchi et al., 2018b; Ono et al., 2018] . Transmission electron microscopy (TEM), particle diameter distribution analysis, and protein assay were carried out as described [Ono et al., 2018] . Numbers of lipoprotein-like particles in the TEM images were counted. For scanning electron microscopy (SEM), 5 l EV fraction was dropped on a cover glass and dried at 40℃ for 20 min. The EV samples and cover glass were coated with Osmium. SEM images were taken using Hitachi S-4800 at Okayama University Medical School Central Research Laboratory.
Identification of proteins in exosome fraction by LC-MS/MS.
Exosome fraction was incubated in the presence of 1% SDS and 2.5 mM Tris (2-carboxyethyl)phosphine hydrochloride (Thermo Fisher Scientific) for 10 min at 85C followed by alkylation with 12.5 mM iodoacetamide (Sigma) for 15 min at room temperature. Proteins were precipitated with acetone for 2 h at -30C and resulting pellet was dispersed in 100 mM ammonium bicarbonate by ultrasonic treatment (three times for 30 s with intervals of 30 s) with a Bioruptor (Diagenode). The protein suspension was subjected to digestion with trypsin (1 g, Wako) for 14 h at 37C.
Resulting peptides were analyzed by QExactive mass spectrometer that was coupled with nano-LC (AdvanceLC, Michrom Inc.) via a nano-electrospray source with a column oven set at 37C (AMR Inc.). Samples were injected to pre-column (L-column micro: 0.3 mm inner diameter, 5 mm length, CERI Japan) and separated by in-house made 20 cm column (inner diameter 100 m, for MS/MS spectra, respectively. MS spectra were acquired at a resolution of 70,000 at m/z 400 after accumulation to a target value of 1 × 10 6 with the maximum ion injection times for 60 msec.
Up to the top 10, most abundant ions with charge 2+ or 3+ from the survey scan were selected with an isolation window of 1.5 h and fragmented by HCD with normalized collision energies of 25. MS/MS spectra were acquired at a resolution of 17,500 at m/z 400 after accumulation to a target value of 5 × 10 4 with the maximum ion injection times for 120 msec. The acquired MS/MS spectra were analyzed by Proteome Discoverer 1.4 with the Mascot algorithm (ver. 2.6.0) using an IPI human database (ver. 3.8.7). The search was performed with the following parameters:
Trypsin was selected as an enzyme used, allowed a number of missed cleavages was set 3 and carbamidomethylation on Cys were selected as a fixed modification. Oxidized methionine was searched as variable modifications. Precursor mass tolerances were 10 ppm and tolerance of MS/MS ions was 0.02 Da. The second LC-MS/MS with or without HS was carried out as described [Eguchi et al., 2008; Ono et al., 2018] .
SDS-PAGE and in-gel protein staining. EV protein samples were mixed with the SDS sample buffer containing β-mercaptoethanol and then heated at 95 ℃ for 5min. Protein samples were separated by SDS-PAGE in 4-20% TGX-GEL (BioRad). The gel was stained with Oriole fluorescent gel stain solution (BioRad) for 90 min.
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Fig 5. Graphical abstract.
Obesity is a risk factor of cancer incidence and hypercholesterolemia has been found in cancer patients. In the present study, we showed that metastatic, resistant cancer cells (PC-3 and LuM1) have abilities to store and release lipoproteins that were associated with EVs such as exosomes (left). Heat shock stress to CRPC PC-3 cells increased association of lipoproteins to EVs, which might involve secretory phenotypes of high-resistant, metastatic cancer cells in response to therapeutic stress (right).
Fig S1.
Graphical protocol of heat shock and EV preparation. Cells were pre-cultured in media with 2% or 10% serum. After HS, media were replaced by serum-free media. EV fractions were prepared at day 1 or day 2 after the medium change. 
